INTRODUCTION
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The relative importance of different routes of phosphorus loss from Daphnia magna (via excretion, reproduction and molting) is affected by the calcium level in the water.
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of P is distributed within the carapace, possibly bound with Ca. Sterner et al. (1993) found that D. obtusa on a P-deficient diet has problems in molting. Shedding molts accounts for ~70 and ~50% of P loss from juvenile and adult D. magna over a 3 to 4 d period, respectively (He & Wang 2007) . The link between Ca and P in D. magna is also indicated by the crystalline calcium phosphate composition of the shell of its ephippia (Kawasaki et al. 2004) . Ca levels in the water considerably affect the calcification of the carapace of daphnids (Alstad et al. 1999) and, thus, their total Ca content (Jeziorski & Yan 2006 , Tan & Wang 2008 . It is therefore tempting to ask whether the content and distribution of P in daphnids is also affected by the aqueous Ca level, considering the close association of these 2 elements in these organisms. Among the various freshwater zooplankton species, Daphnia spp. are at the high end in terms of both Ca and P contents (Andersen & Hessen 1991 , Hessen & Lyche 1991 , Waervågen et al. 2002 , Jeziorski & Yan 2006 . The high Ca and P contents suggest high demand, which may render daphnids more susceptible to a limitation of Ca and P availability. Compared with the broad variation in Ca content in Daphnia spp. (from < 2 to >10% dry wt; , the variation in P content is relatively restricted, with most observations lying within the range of 1.1 to 1.7% of dry wt (Hessen 1990) . Ca content in daphnids is mainly dependent on the aqueous Ca level because water is the dominant source of Ca for daphnids (Tan & Wang 2009 ). In contrast, P is mainly assimilated from food, and daphnids can be cultured in a P-free medium (Ferrão-Filho et al. 2007 ). Therefore, the P content in daphnids is substantially influenced by the C:P ratio in their food, and was found to drop from 1.66 to 0.99% when the atomic C:P ratio of food increased from 140 to 615 (DeMott et al. 2004) . Daphnids are also able to incorporate inorganic P from water (Rigler 1961 , Urabe et al. 1997 ; however, the importance of such supplementation has not yet been quantitatively studied.
As one of the major components of freshwater zooplankton, daphnids play an important role in the cycling of P in lake ecosystems through grazing on phytoplankton and regenerating P (Andersson et al. 1988 ). Unassimilated P is egested into the water in the form of fragile fecal pellets and then quickly becomes dissolved and readily available to phytoplankton (Andersson et al. 1988) . P assimilated into daphnids is lost mainly in 3 ways (He & Wang 2007 : (1) excretion into the dissolved phase (released P is directly usable for primary producers); (2) shedding molts, which may sink out of the epilimnion (P becomes temporarily unavailable to primary producers); (3) reproduction, leading to the growth of the daphnid population (suggested to be more important than molting as a P drain for phytoplankton; Sommer et al. 2003) . Any substantial change to the relative importance of the 3 routes of P loss may affect the P cycle. Therefore, it is meaningful to examine whether Ca can affect P cycling through its effects on the molting of daphnids.
The aim of this study was to investigate the effects of aqueous Ca levels on the P content and regulation in daphnids and on the role of daphnids in P cycling. Daphnia magna is typically found in freshwaters with Ca concentrations ranging from 5 to 280 mg l -1 (Fryer 1985) . In addition, the ecological niche of Ca concentration for D. magna can be as low as 0.5 mg l -1 (Hooper et al. 2008) . Therefore, in the present study we used Ca concentrations ranging from 0.5 to 200 mg l -1 . By using the radiotracer 33 P and a well-established biokinetic model (Wang et al. 1996 , Guan & Wang 2006 , it was possible to quantify the effects of aqueous Ca levels on the influx and efflux of P, and on the relative importance of the 3 efflux routes of P. The importance of aqueous inorganic P as a source of P for daphnids was also assessed using the biokinetic modeling approach.
MATERIALS AND METHODS
Organisms, water and radioisotope. The stock Daphnia magna were cultured in GF/C (Whatman) filtered natural freshwater, which was obtained from an unpolluted creek on the campus of the Hong Kong University of Science & Technology (Kowloon, Hong Kong). The Ca concentration of the creek water was about 20 mg l -1 . The quantity of water allocated to each daphnid in culturing was 10 ml, and the water was refreshed every second day. The green alga Chlamydomonas reinhardtii was fed daily to the daphnids at a concentration of 10 5 cells ml -1 (2.73 mg C l -1 ); half this concentration was used for age 0 to 3 d daphnids. The algae were batch-cultured in Woods Hole modified Chu-10 (WC) medium (Guillard & Lorenzen 1972) with an initial cell density of approximately 10 4 cells ml -1 ; after 5 to 6 d of growth with aeration, the cultures reached mid-log phase and were then refrigerated at 4°C for less than 10 d before centrifugation for use. To use the algae as food, the algal suspension was centrifuged at 2830 × g for 10 min and then resuspended in filtered creek water to a final cell density of approximately 10 7 cells ml -1 (counted using a haemocytometer). The food was kept at 4°C and most algal cells remained motile for at least 1 wk. The light:dark cycle was 14:10 h and the temperature was 23.5°C for culturing daphnids and algae and for all the experiments.
To control the Ca concentration in the water, the synthetic fresh water Elendt M7 (Samel et al. 1999 ) was used instead of creek water in all experiments. M7 medium was prepared by adding salts and vitamins to nanopure water (Barnstead): the Ca concentration was adjusted by the addition of CaCl 2 · 2H 2 O, and the pH was adjusted to 8.0 ± 0.2 by adding HCl or NaOH solutions as necessary. The actual Ca concentrations were measured at the beginning and end of all experiments, and the average values matched well with the nominal concentrations (see Table 1 ). Because water is the principal source of Ca for Daphnia magna (Tan & Wang 2009 ), algae cultured in 0.5 mg Ca l -1 WC medium were used for all treatments in all experiments in order to avoid any difference in food.
The radioisotope 33 P (as H 3 PO 3 dissolved in water, 5.76 TBq mg -1 , half life: 25.3 d, PerkinElmer) was used as a tracer for quantifying the biokinetic parameters.
Phosphorus content of daphnids. Neonates (< 24 h) of the stock daphnids were collected and cultured in M7 medium for 7 d. The specific Ca and P contents of the age 7 d daphnids were measured (described below, under 'Chemical analysis and radioactivity measurement'); 2 independent experiments were conducted for the P content. The first experiment had no replicates and contained 30 to 50 individuals in each sample. The second experiment had 3 replicates for each Ca treatment and 10 individuals in each sample.
The P content was also measured for age 7 d daphnids cultured in the high Ca medium (200 mg l ) and with doubled dose at C:P = 93, respectively. The C:P ratio gradient was created by using the WC medium of different P concentrations. The P-sufficient (C:P = 93, 79) algae were cultured (following the method described above) in WC medium containing 50 and 200 µM P, respectively; and the P-deficient (C:P = 960) algae were cultured by inoculating the P-sufficient algae into the P-free WC medium at a density of approximately 2 × 10 4 cells ml -1 and harvested after 4 to 5 d of growth.
Biokinetic parameters. With the biokinetic model (Wang et al. 1996 , Guan & Wang 2006 , the steadystate concentration (C ss ) of an element in organisms (µg g -1 dry wt) is calculated by the following equation:
where k u is the dissolved uptake rate constant (l g ). The weight of the organisms (e.g. Daphnia magna) and their foods were expressed on a dry wt basis. The biokinetic parameters (k u , AE, IR, k e ) of P were thus quantified in age 7 d D. magna cultured at the 4 Ca levels, as described in the following sections.
Dietary assimilation of phosphorus. The AE of P was quantified in the age 7 d Daphnia magna using the pulse feeding technique to examine the effects of Ca levels on the P AEs. The 33 P labeled algae were prepared by adding 1.11 × 10 4 kBq l -1 of 33 P into the standard WC medium with an initial algal cell density of 2 × 10 5 cells ml -1
. After 3 d of continuous illumination, the algal cells divided at least twice and thus were considered uniformly labeled with 33 P. The radioactive algae were twice centrifuged and resuspended in 0.5 mg Ca l -1 M7 medium immediately before the pulse feeding to minimize the amount of weakly adsorbed 33 P. The 0.5 mg Ca l -1 M7 medium was used to reduce the effects of food addition on the Ca concentration of the medium. Three replicates, each containing 35 individuals, were used for each of the 4 treatments. Before the pulse feeding, the daphnids were starved in the water without food addition for 2 to 3 h. Afterwards, the daphnids were fed 33 P labeled Chlamydomonas reinhardtii at a concentration of 2.5 × 10 4 cells ml -1 for 7 min in the dark, and 5 individuals of each replicate were randomly picked out for radioactivity measurement. Before the radioassay, the daphnids were allowed to swim in a series of 2 beakers containing 200 ml M7 medium of corresponding Ca concentration for 1 to 2 min to minimize the amount of radioisotope adsorbed to the surface of the organisms. The remaining daphnids were depurated in non-radioactive medium containing 5 × 10 4 cells ml -1 of C. reinhardtii for 24 h. The algae were cultured with standard WC medium. Heat-killed algae were used for depuration in order to avoid the recycling of regenerated P by algae. The algae were heated in 80°C water bath for 5 min. Microscopic observations confirmed that the cells were immobilized and the cell morphology was not significantly changed. At 1.5, 3, 5, 7, 12, and 24 h, 5 individuals were picked out for radioactivity measurement, and the water and food were renewed.
Uptake of inorganic phosphorus from water. The effects of Ca levels in the water on the dissolved uptake of inorganic P (PO 4 -P) by Daphnia magna were investigated at the 4 Ca concentrations; 3 replicates of 24 daphnids were used for each treatment. To avoid the uptake of phosphate by bacteria attached to the surface of the daphnids, they were disinfected in foodfree M7 medium of corresponding Ca concentrations for approximately 2 h by adding 100 units ml -1 of penicillin and 100 µg ml -1 of streptomycin (Rigler 1961 ). During the 2 h, the daphnids evacuated their digestive tracts, such that the generation of feces during the following exposure period was minimized. After that, the daphnids were transferred to a 33 P labeled M7 medium (370 kBq l -1 ) of antibiotics and the corresponding Ca concentration for a 6 h exposure. In the exposure medium, the concentration of PO 4 -P was 10 µg l -1
, and the concentrations of antibiotics were 10 units ml -1 of penicillin and 10 µg ml -1 of streptomycin. A control treatment, containing 5 mg Ca l -1 and no antibiotics, was used to examine whether the presence of antibiotics affected the uptake of phosphate. At the end of 1, 2, 4 and 6 h of exposure, 6 daphnids were randomly picked out, rinsed in a series of 3 beakers containing 200 ml of M7 medium of the corresponding Ca concentrations for approximately 1.5 min and then radio-assayed. At the beginning and end of the exposure, a 0.5 ml water sample was taken for radioactivity measurement, and the average values were used for calculations. No drop in P concentration was observed, indicating a negligible effect of adsorption to the container and uptake by daphnids.
Efflux and loss budget of phosphorus. The efflux rate constant (k e ) and loss budget of P in age 7 d Daphnia magna were also quantified at the 4 Ca levels. Newly born D. magna (< 24 h) were collected and cultured in M7 medium for 7 d before the efflux experiment, and the daphnids were labeled with 33 P by feeding them with 33 P-labeled algae during the last 4 d of this period (long enough to achieve homogeneous labeling; Vrede et al. 1999 ). The radioactive algae were prepared by culturing Chlamydomonas reinhardtii in 200 ml WC medium (initial cell density 2 × 10 5 cells ml -1
) spiked with 5.18 × 10 3 kBq of 33 P under continuous light for 2 to 5 d. In each treatment, 180 D. magna individuals were cultured in 1.6 l water. On each of the last 4 d, 12 ml of the 33 P-labeled algae were centrifuged and fed to the daphnids together with non-radioactive algae at a total density of 10 5 cells ml -1
. The water was replaced on Days 4 and 6. D. magna labeled with 33 P were depurated in corresponding non-radioactive M7 medium for 3 d, during which the water samples, the produced molts and neonates were collected for quantifying the loss of 33 P from daphnids into the environment.
The daphnids were evacuated in corresponding M7 medium without the addition of food for 2 h before the depuration in order to minimize the 33 P associated with feces in the gut. In each treatment, 30 ind. were then randomly taken for measuring the radioactivity, which was considered the initial 33 P content in daphnids; 90 ind. were equally divided into 3 replicates for the efflux experiment and the remaining daphnids were collected for dry wt measurement. In order to ensure high enough radioactivity in the water during the depuration period, the volume of water for each daphnid was reduced to 6 ml. Heat-killed Chlamydomonas reinhardtii was fed as food during the depuration period to avoid the recycling of 33 P by algae, and the food density was 10 5 cells ml -1
. Every 0.5 d, the medium and food were renewed and the produced molts and neonates and 5 ml of medium were collected for radioactivity assay. Before taking the water samples, 1 ml of KH 2 PO 4 solution (18 g P l -1 ) was added to the 180 ml medium to reduce the possible absorption of 33 P onto the wall of plastic beakers. At the end of depuration, the daphnids were collected for radioactivity measurement. The amount of 33 P retained in daphnids at each time point was calculated by deducting the 33 P in medium, molts and neonates from the initial 33 P content in daphnids. The recovery of 33 P was calculated with the following equation:
where A w+m+n is the 33 P in water (counts per min, CPM), molts and neonates, A 0 is the 33 P in daphnids at the beginning of depuration (CPM) and A t is the 33 P in daphnids at the end of depuration (CPM). The recovery for the 0.5, 5, 50 and 200 mg Ca l -1 treatments was 85.3 ± 0.9, 88.3 ± 0.8, 95.4 ± 3.9 and 86.0 ± 1.4%, respectively (mean ± SD; n = 3). The data of 33 P retained in daphnids were corrected against the recovery and the decay of 33 P. Chemical analysis and radioactivity measurement. Ca concentration was measured using flame atomic absorption spectrometry (AAS) (PerkinElmer AAnalyst 800). The daphnids were first evacuated for ca. 2 h. For each sample, 15 to 20 ind. were collected by filtering onto 1 µm polycarbonate membranes, then rinsed 3 times with 10 ml nanopure water, dried overnight at 80°C, and the dry wt was measured to the nearest 10 µg. The daphnids were then ashed in a muffle furnace at 500°C for 2 h, and dissolved in 10 ml of 2% HNO 3 . To measure the specific Ca content of Chlamydomonas reinhardtii, the algae suspension was concentrated by centrifugation, and 1 ml of the concentrated algal suspension was filtered onto a pre-weighed 1 µm polycarbonate membrane, dried overnight at 80°C and the dry weight was measured to the nearest 10 µg. Another 10 ml of the suspension was centrifuged and resuspended with 0.9% NaCl solution twice to minimize the effect of Ca in water on the measurement, and then centrifuged. The algal pellets were digested using 2 ml of 30% HNO 3 for 1 d at 85°C. The daphnid and alga samples were diluted to the range of 0.4 to 4 mg Ca l . The final samples contained 2% HNO 3 and 1% lanthanum.
The P content of Daphnia magna and Chlamydomonas reinhardtii was measured using the methods described in Solorzano & Sharp (1980) . Briefly, daphnids were collected, dried and weighed as mentioned above; algae were collected by filtering 1 ml of the suspension onto a GF/F filter (Whatman). Both the daphnids and algae were washed with 2 ml of 0.17 M Na 2 SO 4 twice, placed in a 14 ml glass scintillation bottle and 2 ml of 0.017 M MgSO 4 was added. The samples were dried at 95°C and ashed at 500°C for 2 h, and dissolved in 10 ml of 0.2 M HCl after cooling. The bottles were tightly capped and heated at 80°C for 30 min. The samples were diluted to a range of 0.4 to 4 µM P and measured using the molybdenum blue spectrophotometric method.
The 33 P radioactivity in the samples was measured using a Beckman LS-6500 Liquid Scintillation Counter (Fullerton). The samples were counted for 3 min or longer if necessary to ensure propagated counting errors of less than 5%. The daphnid and molt samples were prepared by digesting them with 0.5 ml 30% HNO 3 at 80°C for 6 h in a 7 ml scintillation vial. Thereafter, 5 ml of scintillation cocktail (PerkinElmer) was added and the mixtures were well mixed by mechanical shaking. After 8 h of equilibration, the radioactivity was measured using the scintillation counter. Water samples were mixed with scintillation cocktail directly and measured following the same method. The acid quenching effect was quantified and used for correction of the data.
RESULTS
Ca and P contents of algae and daphnids
The specific Ca content of the algae ranged from 1.25 to 3.95 mg g -1 when the ambient Ca concentration varied from 0.5 to 200 mg l -1 (Table 1) . Generally, algae cultured in the low Ca medium (0.5 mg l -1 ) had lower Ca content. When the ambient Ca concentration was above 5 mg l -1 , Ca content in algae was similar among treatments. The specific P content of algae was not significantly affected by Ca concentration in the medium (p > 0.05, 1-way ANOVA) and ranged from 9.33 to 14.90 mg g -1 when ambient Ca concentration varied from 0.5 to 200 mg l -1 (Table 1 ). The specific Ca content in daphnids increased continuously from 2.17 to 4.98% of dry wt when the ambient Ca concentration increased from 0.5 to 200 mg l -1 (Table 1 ). The P content varied less than the Ca content, and decreased significantly from 1.43 to 1.05% of dry wt when the ambient Ca concentration increased from 0.5 to 200 mg l -1 (Table 1) . A negative relationship (r 2 = 0.987) was observed between the P content and the Ca content of daphnids (Fig. 1) .
Daphnids fed P-deficient food (atomic C:P = 960) had lower P content (0.72%) compared with daphnids fed P-sufficient food (C:P = 79 to 93). Increases in the food Table 1 . Daphnia magna and Chlamydomonas reinhardtii. The measured calcium (Ca) concentrations of media, individual dry weight, specific Ca and P contents, assimilation efficiency (AE) of dietary P, weight-specific ingestion rate (IR), dissolved uptake rate constant of phosphate (k A quantity and further increases in the food P content did not significantly elevate the P content of daphnids when they were fed the P-sufficient food (C:P = 93) (Fig. 2) .
Dietary assimilation and dissolved uptake of phosphorus
The unassimilated P was rapidly lost by the daphnids during the first 1 to 3 h, and the percentage of retained P was almost stable during the following 21 h of depuration (Fig. 3A) . The AEs were thus calculated using the intercept method (He & Wang 2007) using the data of 3 h onwards. Linear regressions were determined between the natural log of the percentage of P retained and the time of depuration, and the intercept of the regression was considered as the AE (Table 1 ). The AEs of P were not significantly affected by the Ca level (p > 0.05, 1-way ANOVA), and ranged between 14.9 and 25.1%. IR was also calculated using the data of 7 min pulse feeding and listed in Table 1 . Ca concentration in the environment had no significant effect on IR (p > 0.05, 1-way ANOVA), and when the food concentration was 2.5 × 10 4 cells ml The 6 h dissolved uptake of inorganic phosphorus did not follow a linear pattern (Fig. 3B) , thus it is difficult to calculate the unidirectional influx rate or dissolved uptake rate constant (k u ) based on the linear regression method (Yu & Wang 2002) . The dry wt concentration factor (DCF, l g -1 ) of newly incorporated P during the dissolved uptake was calculated as:
where A is the radioactivity in the daphnids (CPM g -1 ), A w is the radioactivity in the water ). The dissolved uptake rate constants (k u , l g -1 h -1
) of P were estimated with the following equation and are shown in Table 1 :
where DCF i is the dry weight concentration factor of P at time t i (l g ). Based on the AE, IR, specific P content of algae (C f ), and k u (Table 1) , and assuming a waterborne PO 4 -P concentration (C w ) of 10 µg l -1 , the relative importance of dietary uptake as the source of P (S f ) for daphnids was calculated by the following equation:
These calculations indicated that the dietary assimilation was the dominant source of P for daphnids at all Ca levels (> 98%), and only 1 to 2% of P was incorporated from water (Fig. 3C ).
Efflux and loss budget of phosphorus
During the 3 d depuration, P was lost from Daphnia magna continuously with relatively higher rates on the second day (Fig. 4A) , which was mainly due to more molts and neonates produced (Fig. 5) . The pattern and rate of P loss were similar among the 4 Ca levels. After 3 d of depuration, 36 to 45% of P was retained in daphnids. The efflux rate constant (k e ) of P was calculated as the absolute value of the slope of the linear regression between the retention of P (natural log scale) and the depuration time (d) ( ; k e was highest in the 0.5 mg Ca l -1 treatment and became similar when the Ca concentration was higher.
Phosphorus was lost from daphnids via 3 routes: excretion, molting, and reproduction (neonates) presented in Fig. 4B . When the Ca concentration was ≥5 mg l -1 , the contribution of the 3 routes was similar. In contrast, excretion was the principal route and accounted for 57% of the P loss in the 0.5 mg l -1 treatment, while the contribution of molting was only around 13%. With the increase of Ca concentration, there was a significant increase in the relative importance of molting in the P loss and a decrease in the importance of excretion (Fig. 4B) . The percentage of P allocated to reproduction was relatively stable (~35%) among all Ca levels. Phosphorus loss due to excretion reached a peak after 1.5 d (0.5 mg Ca l -1 ) or 2 d (other treatments) and the same pattern was observed for molting (Fig. 5) , indicating that more P was released into water the during the molting period.
During the 3 d depuration, each daphnid generated 1 molt and 4 to 5 offspring (Fig. 6A) . With the elevation of Ca level, a higher portion of P was contained in one exuvium. Shedding 1 molt cost one daphnid 5 to 10% of the body P in the 0.5 mg Ca l -1 treatment and 10 to 20% of the body P when the Ca level was higher (Fig. 6B) . The maternal transfer of P to a neonate was 3 to 6% of the body P content at all Ca levels (Fig. 6B) . 
DISCUSSION
The decreasing trend in P content of Daphnia magna with the elevation of ambient Ca concentration, and the negative relationship between the P and Ca contents were unexpected. With the increase of water Ca concentration and higher Ca content in daphnids, more calcium phosphate was expected to deposit in the exoskeleton, leading in turn to a higher P content of the exoskeleton and the daphnids. However, the opposite trend was observed. One possible explanation is the relatively small contribution of exoskeleton P to the total P content of daphnids. Although the exoskeleton became P-richer with the elevation of Ca content, this effect is overshadowed by the changes in P content in the somatic tissues and eggs which contain more than 80% of the total P of daphnids (Vrede et al. 1999) . The major pool of P in Daphnia galeata is the nucleic acids, which account for 35 to 60% of the total P content, followed by the phospholipids which con- tribute 20 to 25% to the total P (Vrede et al. 1999) . Therefore, the observed effects of Ca on the P content of daphnids should primarily be exerted on the nucleic acids and phospholipids. Daphnids can alleviate Ca limitation by reducing Ca efflux (Tan & Wang 2009 ). We therefore speculate that the higher P content of daphnids in the lower Ca environment was due to the higher demand of nucleic acids and phospholipids involved in the active regulation of Ca efflux. Alternatively, the relative weight of exoskeleton might increase with the increase of Ca level due to more complete calcification, which may result in a lower P content in daphnids if the weight-specific P content in exoskeleton is lower than that in the somatic tissues. To our knowledge, there are no other data on the effects of Ca on P content of daphnids. It will be interesting to compare the P content of daphnids collected from lakes with different Ca levels but under similar food conditions. The significantly lower P content (0.72%) of daphnids fed P-deficient food (C:P = 960) is consistent with many previous observations (DeMott et al. 1998 , He & Wang 2008 . P content of daphnids fed with P-deficient food (C:P = 940, 930, respectively) declined from 1.57 to 1.02% after 3 d of feeding (DeMott et al. 1998) , from 1.11 to 0.65% after 5 d of feeding (He & Wang 2008) . Further increasing the diet quality by reducing the C:P from 93 to 79 did not increase the P content of daphnids, consistent with the threshold diet C:P of 138 predicted by Sterner & Hessen (1994) , above which Daphnia would experience P limitation. The increase in the P content of daphnids when they were fed higher quality food (lower C:P) was considered as evidence that the organisms were suffering a P deficit (DeMott et al. 2001) . Therefore, although the daphnids cultured in a high Ca (200 mg l -1 ) environment had a lower P content than in a low Ca environment, these organisms should not be considered as P deficient because their P content could not be elevated by improving the food quality or increasing the food quantity. Consequently, to examine whether daphnids are suffering from P limitation, it is better to test whether their P content can be elevated by feeding them with P-sufficient food, instead of making this judgement from their low P content alone.
Biokinetic (or biodynamic) modeling is a useful tool to explain the variation in trace metal concentrations in aquatic organisms, with most predictions deviating less than 2-fold from the observed values (Luoma & Rainbow 2005) . The parameters of the biokinetic model were also used to study the stoichiometric regulation of phosphorus in Daphnia magna (He & Wang 2008) . A higher specific content of elements in aquatic organisms can be caused by a higher aqueous influx rate (k u × C w ), a higher dietary influx rate (AE × IR × C f ), a lower efflux rate (k e ), a lower growth rate (g) or the combination of them. Compared with trace metals, the variation in P content was small, indicating a strict regulation of P according to the environment and body conditions. Therefore, these biokinetic parameters may be regulated and variable with time, thus it will be impractical to use one single value for each biokinetic parameter to explain the approximately 40% variation in P content (1.05 to 1.43%).
In our study, the AEs of P (15 to 25%) in Daphnia magna were relatively stable over a wide range of ambient Ca concentration. Similarly, He & Wang (2008) found that the AEs of P were not influenced by the P content of the daphnids; D. magna living on P-deficient food (molar C:P ratio = 930) had lower body P content but AEs similar to the individuals on P-sufficient food when both groups were subsequently fed the same Psufficient food. Nevertheless, food quantity, food quality and the life stage of cladocerans can influence their AEs. For example, the P AE in adult D. magna was high (85.4%) when food was scarce (0.07 mg C l -1 ), and decreased exponentially with the elevation of food concentration, and leveled off (38%) when the food concentration was above 24 µg P l -1 (0.84 mg C l -1 ) (He & Wang 2007) . Ferrão-Filho et al. (2007) reported that D. pulex and Moina micrura had significantly higher AE of P from P-sufficient (molar C:P = 140) Ankistrodesmus falcatus than from P-deficient (molar C:P = 1000) algae, which may be due to the digestion resistance of the P-deficient algae. On the contrary, higher AEs were observed with P-deficient algae (Chlamydomonas reinhardtii) and D. magna in the studies of He & Wang (2007 . Juvenile daphnids have higher AEs of P than adults, possibly because they need large amounts of RNA to maintain their higher growth rate (He & Wang 2007) .
Although the weight-specific IR did not vary greatly over the large range of Ca levels, daphnids cultured in the Ca-deficient environment (0.5 mg Ca l -1 ) had lower IR. Porter et al. (1983) reported that weight-specific filtering rates of cladocerans were negatively related to body size. In our study, IRs were lower for the Cadeficient daphnids despite their smaller sizes. He & Wang (2008) also recorded a lower IR in P-deficient daphnids. The decrease in IR may be attributed to stress in daphnids caused by the adverse conditions (i.e. Ca or P deficiency) instead of the variation in body size.
The aqueous uptake of inorganic phosphate was trifling (< 2% contribution) when compared with the dietary source of P. Nevertheless, Urabe et al. (1997) found that the growth rate of Daphnia magna feeding on P-deficient Scenedesmus acutus (atomic C:P >1000) was significantly elevated by exposing the daphnids to water containing an extremely high concentration of inorganic P (124 mg l -1 ) for 5 h per day, suggesting a substantial contribution of aqueous P when the dissolved P concentration is high. However, it remains possible that the uptake of inorganic P in their study was not directly by the daphnids themselves, but by associated bacteria (Rigler 1961) , which were then digested. The efflux rate constant (k e ) was slightly but significantly higher in the 0.5 mg Ca l -1 treatment than the higher Ca treatments. He & Wang (2008) also observed a higher k e in P-sufficient than in P-deficient Daphnia magna. However, the higher k e in the 0.5 mg Ca l -1 treatment should not be attributed only to the higher P content of daphnids, because the k e were similar among the higher Ca treatments, although the P content varied. In the higher Ca environment, daphnids had higher Ca content and higher k e of Ca (Tan & Wang 2009 ) but generally lower k e of P, indicating that the efflux of Ca and P were decoupled. The k e of P was higher for adults and for daphnids fed P-sufficient food. In contrast, k e was not affected by the food quantity at > 0.07 mg C l -1 (He & Wang 2007 ). The exuvia contained more P in the higher Ca environment, consistent with the higher contribution of molting to the efflux of P when Ca level was higher. Similarly, a higher proportion of Ca was lost through molting in Daphnia magna (Tan & Wang 2009 ). These results indicate that Ca and P were linked in the building and shedding of molts (Hessen & Rukke 2000) . Similar numbers of molts were generated by daphnids at different Ca levels, suggesting that the molting frequencies were generally unaffected by the ambient Ca level, which is in agreement with . In their study with D. magna, nearly identical numbers of molts (~10) were collected during a 40 d period, regardless of Ca concentrations (0.5 to 10 mg l -1 ) and food concentrations (0.1 to 0.8 mg C l -1 ). Increasing the Ca level from 0.5 to 200 mg l -1 resulted in a lower proportion of P lost through excretion (57 to 30%) and a higher proportion lost through molting (13 to 32%), whereas the percentages of P transferred to offspring were relatively constant (30 to 39%). Therefore, it appears that, in high-Ca waters, less P was immediately returned by daphnids into ambient water, and more P was lost into the sediment with the sinking of molts, thereby reducing the availability of P to primary producers. However, in a mesocosm study, P sequestered from phytoplankton was mainly converted to Daphnia spp. biomass and not lost by the sedimentation of molts (Sommer et al. 2003) . The duration of their study (~17 d) was relatively short, compared to the life span of daphnids (usually > 30 d). Sedimentation of molts may become more important if the experiment runs for a longer duration. Field observations indicate that Daphnia spp. tissues play an important role in the sedimentation of P in lakes (Sarnelle 1992) . It should be noted that the effects of ambient Ca on the relative importance of different routes of P loss may be affected by the P content of the diets.
The simultaneous fluctuation in the contribution of excretion and molting to the efflux of P indicates that the release of P into the dissolved phase was substantially higher during the molting process. Consistently, Scavia & McFarland (1982) found that the rate of P release by Daphnia magna was elevated 6.7-fold at and after ecdysis, which was presumably due to the higher permeability of the new exoskeleton. The release of P contained in the molting fluid was another possible explanation (Peters & Rigler 1973) . A higher release rate during molting was also observed for Ca (Tan & Wang 2009 ), again suggesting the association of P and Ca in the molting process.
To conclude, Daphnia magna living in a higher Ca environment had a lower specific P content, and there was a negative relationship between P and Ca contents. Therefore, Ca concentration should be considered when comparing the P content of daphnids collected from different localities. As the source of P for daphnids, incorporating inorganic P from water is negligible when compared with the assimilation of P from food. In high Ca waters, daphnids returned more P to the sediment by molting P-rich exuvia, and returned less P to ambient water through excretion, which may lead to less P availability for primary producers.
